with contusion or fat embolism. The damage in the neocortex suggests perfusion failure, because the boundary zones between adjacent major arteries are predominantly involved, but quite frequently there is extensive necrosis in major arterial territories. Ischvmic brain damage was clearly not agonal because there was marked reaction to the lesion, and the likely causative factors include variations in ICP and systemic arterial pressure, together with circumstances which may combine to reduce the oxygen content of the blood. Several of these patients showed on angiography either spasm or slowed circulation, but without a consistent correlation with pathological findings.
Several clinicians have commented on the occasional discrepancy between the well-being of the patient and not only the level of the ICP but also the magnitude of the cerebral perfusion pressure. Experimental work in dogs has shown that autoregulation of cerebral blood flow in the face of reduced cerebral perfusion pressure is more efficient when this is reduced by raising ICP than when systemic pressure is lowered (Miller et al. 1971) . Our own experiments in baboons have shown that when ICP is raised cerebral blood flow may be increased before it falls, by reason of the increased systemic pressure associated with the Cushing response. But in the early stages after head injury autoregulation may be impaired, at least focally; moreover the Cushing response is not evoked consistently.
To date ICP measurements have served to show the extent of our ignorance of the complex, dynamic intracranial events precipitated by head injury. It would be premature to abandon ICP measurements because they do not yield information consistent with current working hypotheses. We believe that suitably equipped centres should continue to accumulate information on as broad a front as possible, correlating ICP measurements with clinical state, cerebral blood flow, ultimate outcome and, when opportunity presents, pathological findings. But not every neurosurgical unit should be measuring ICP as a routine, because the interpretation to be put on such measurements is not yet clear. it should cause no discomfort, risk or inconvenience to the patient or interfere with his nursing management or medical investigation. The time-honoured catheter in the brain ventricle is prone to obstruction, limits patient mobility and entails technical problems if the ventricle is small. Extradural implantation of a transducer may not at all times reflect the true mean ICP. We feel that an implanted subdural transducer may be the current best approximation, though previously the inherent instability of the device set limits on its reliability. We have used a miniature transducer consisting of a thin silicon diaphragm mounted in a metal ring with similar properties of thermal expansion and the whole supported in a cylindrical stainless steel or titanium case. Resistive elements diffused into the reverse surface of the diaphragm are connected to form a Wheatstone bridge, the terminals of which are connected by fine gold wires to four stainless steel leads 30 cm long. The case and diaphragm measure 6.35 mm in diameter by 2.9 mm in depth. This gives an adequate pressure measuring range for our purposes (up to 25 pdl/in2 (0.536 N cm-2)). A fine stainless steel Schnorkel tube let into the case is exteriorized by a silicone rubber tube to allow differential pressure measurement.
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The results of long-term trials reported by Eversden (1970) demonstrated the temperature sensitivity of absolute transducers, and showed the error with changes in atmospheric pressure. Testing in saline at 37°C has shown varying instability which may last for 12-26 h, after which it tends to remain stable. In the unmodified form these transducers are unsatisfactory, first due to instability of baseline pressure readings, and secondly because when implanted it is impossible to check for changes in baseline or calibration. The modification reported by Eversden consists of an inflatable compartment added to the transducer in front of the pressure-sensitive diaphragm together with a separate communicating tube to the interior of the transducer. Calibration can be checked by applying a known pressure to the interior of the transducer, and baseline accuracy by equalizing the pressure on the two sides of the diaphragm. Finally, drying tubes of phosphorus Section ofMeasurement in Medicine pentoxide are connected to the two silicone rubber tubes concerned and keep the air inside the case relatively dry, thus limiting corrosion of the components. In practice, this system has shown a drift of approximately 10 mm during the first twelve hours, and less in the ensuing time. It is felt advisable to check the drift frequently in the first twelve hours, then twice daily thereafter, or more often if dramatic pressure changes are occurring.
Sterilization is by chlorhexidine digluconate in spirit, and implantation uses a standard burr hole, the device being retained by a close-fitting shaped rubber bung, which is retained by stitching the pericranium. The procedure is performed under local anwsthesia and takes 15 min. Infection has not occurred in any case with monitoring periods of 17 days.
We have tried numerous recording systems and are currently satisfied with Polyrecorder as it is small, sturdy, easily moved and at slow speed will give a 24-h record on 1 m of trace, but can be changed to 180 mm/min if detailed analysis of a trace is required.
Blood pressure measurements are made by an arterial line for short-term studies and by a cuff technique for the long term, so that the perfusion pressure can be estimated. Blood flow studies are not performed. Measurement ofIntracranialPressure in 20 Cases ofBrain Tumour To monitor intracranial pressure one needs to know the basal pressure at rest and also the perfusion pressure, which is the difference between ICP and arterial blood pressure. Variations in pressure may occur transiently; there may be a steady rise in pressure, or certain limited and transient increases may occur with a return to the basal pressure. These waves were investigated by Lundberg in 1960 and designated as follows:
A waves (plateau waves): Sudden pressure rises to 50-100 mmHg, lasting 5-45 min and followed by a rapid fall to basal pressure. B waves: Rhythmic oscillation with an amplitude of 10-50 mmHg and frequency of 1-2/min. C waves: Rhythmic oscillation of lesser amplitude occurring several times per minute.
A waves develop when intracranial compensation for raised pressure is beginning to fail and continuing satisfactory blood flow is in jeopardy. B waves represent an earlier stage of loss of damping for the arterial input and may reflect shorter-lived changes in intracranial blood volume. C waves appear to relate to respiratory irregularity. It is desirable to monitor the level of ICP and to detect the periodic rises in pressure, wherein the A waves, being of highest magnitude and longest duration, seem the major threat to continuing cerebral blood flow.
The purely clinical correlates examined were: level of consciousness, location of lesion, presence or absence of papilloedema, and presence of pressure symptoms, i.e. headache.
The presence of headache, even with associated symptoms, correlated poorly with ICP, and its absence did not exclude a high pressure state. Age similarly had no effect.
Conscious level also correlated poorly as waves were seen in all groups and some patients in the alert group remained quite undisturbed in the early stages even though their ICP was grossly elevated. It became clear in this study, as in our earlier studies (Richardson et al. 1970) , that some patients could show gross cerebral dysfunction with normal ICP, and others could be almost symptom-free when the ICP was grossly elevated. The presence of papilloedema was associated with plateau waves in about half the cases, but interestingly these waves were not seen when papilloedema was absent. It must be remembered that all these patients were monitored against a therapeutic background and the natural history of their ICP would have been modified by investigation and treatment.
Location of the lesion, as confirmed by radiological methods, did not correlate well with wave phenomena but the importance of ventricular obstruction, judged by radiology, is obvious. Plateau waves were confined to cases of such obstruction in this series though this did not seem invariable in our earlier work. A second important point that emerged was the apparent difference between the plateau waves associated with a slowly evolving obstruction and the waves associated with a more acute process. In the latter the pressure rise was prolonged and evoked a rise in blood pressure; these events usually occurred in obtunded patients, and were always of sinister import unless elective treatment was undertaken without delay.
The 3 deaths in inoperable tumours in this series were preceded by plateau or high pressure waves, but that association was not invariably lethal. Where interruption by treatment was possible, survival was the rule.
Routine Monitoring So far the emphasis has been on the use of monitoring in the early phases of management; perhaps because this holds greater interest, but routine monitoring has also been found useful following surgery as an early warning system against postoperative clots, brain swelling, nonfunctioning shunts and other CSF diversion procedures. Though in many cases the complication is clinically clear, the rise in pressure may precede clinical signs or these signs may be masked, particularly if the patient was very ill prior to treatment.
When the patient is first admitted it is sometimes impossible to assess ICP by clinical means, and therefore some patients are unknowingly in a situation of danger which may increase spontaneously or be acutely exaggerated by investigation under anusthesia. It is this particular 'at risk' group that one would wish to monitor continuously. However, as it may not be practicable to insert a transducer into every patient with definite or suspected papilloedema, we have been investigating alternative screening techniques.
It was reported by Jeppsson (1964) that the ICP could be correlated with the pulsatile pattern on the midline echo as demonstrated by the use of ultrasound transmission through the intact skull. They stated that the time taken for an echo to pulsate from minimum to maximum height was significantly shortened in patients with raised ICP. Subsequent reports, as well as work from our own laboratory, have failed to confirm this relationship. However, longer-term changes were seen which correlated well with ICP wave phenomena.
A standard ultrasound apparatus was modified to produce a record of the changes in height of the midline echo. Twenty-two patients whose ICP was continuously monitored were subjected to extended ultrasound recordings. Each recording lasted at least an hour and several recordings were obtained from most patients. Twelve of this group developed pressure waves at some time, and distinctive patterns were seen on the ultrasound record in each case. We refer to two components of the ultrasound record, the pulse or echo magnitude and the pulse amplitude.
During the occurrence of plateau waves the magnitude of the ultrasound decreased sharply as the ICP rose. At the same time the pulse amplitude increased as the pulse pressure of the ICP enlarged. The gain of the echo display frequently had to be increased to return the midline echo to the screen. When B waves occurred, wave forms of similar magnitude and identical frequency to the ICP tracing were recorded. Again the pulse amplitude increased with a rise in ICP. Since a specific echo may move up or down with cardiac systole the ultrasound pattern may be a direct or mirror-image facsimile of the ultrasound wave.
In the absence of ICP waves there is no difference in the ultrasound record at steady states of normal or moderately increased pressure. Thus far the technique seems capable only of demonstrating changes in pressure during the recording. Forty patients on whom the recording was made, subsequently found to be without intracranial pathology, never demonstrated these wave forms. With further development and refinement this technique may help to identify patients at risk from raised pressure in whom continuous monitoring might be advisable.
Conclusions
We have favoured a modified subdural transducer that allows calibration in situ and zero check for routine ICP monitoring. At times a ventricular catheter may be preferred if treatment of a high pressure state by repeated withdrawal of CSF seems desirable.
The occurrence of dangerous states of raised pressure may not always be obvious from the clinical signs. In particular the very dangerous state of ventricular obstruction may be predicted by pressure monitoring before its clinical declaration, at which time the patient's state may be serious or even irreversible. Similarly, monitoring may indicate postoperative complication before clinical changes occur.
Identification on admission of patients 'at risk' would be a useful screening technique for selecting patients for implanted recording devices. The ultrasound technique seems capable of identifying wave patterns. More refinement may allow a closer approach to quantifying ICP by this means.
